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HISTORICALLY CONSIDERED ONLY as industrial pollutants, nitric oxide (NO) and hydrogen sulfide (H 2 S) are now appreciated as two key physiologically produced signaling molecules that control multiple cellular functions. Appreciation that dysfunction in how these solvated gases affect these functions, through either deficient formation or downstream reactivity, has opened up new therapeutic avenues for a host of diseases in all major organ systems including the lung. Our understanding of NO homeostasis mechanisms are relatively advanced compared with H 2 S, primarily because of the latter's discovery as a biologically relevant entity being postdated by a decade or more compared with NO. Although they are chemically distinct, there are intriguing parallel mechanisms/concepts in NO and H 2 S biology that include overlapping functions, technical challenges in how each of these gases are measured in biological milieu, appreciation of the mechanisms and factors that modulate how metabolism of each of these is regulated, and therapeutic potential for either inhibiting or repleting NO or H 2 S. In this article, and within the framework outlined above, we provide a general overview of NO and H 2 S biology.
Nitric Oxide Formation: Enzymatic and Nonenzymatic Sources
Enzymatic sources. Nitric oxide is synthesized by one of three different isoforms of nitric oxide synthase (NOS) that differ in enzymatic activity, in how they are regulated (transcriptional, translational, and posttranslational mechanisms), and in how they are expressed/compartmentalized in tissues as well as the subcellular level. These are called NOS I, II, and III, corresponding to the inducible (iNOS), neuronal (nNOS), and endothelial (eNOS) isoforms, typically with high, mid, and low activities, respectively. In the systemic and pulmonary vasculature, eNOS plays a key role in controlling blood flow and maintaining an antithrombotic and anti-inflammatory luminal surface. On the other hand, iNOS is induced by inflammatory stimuli in leukocytes, airway epithelial cells, and alveolar macrophages to mediate pathogen killing. However, production of NO at higher concentrations in this setting is also associated with collateral tissue damage mediated by increased oxidation, nitrosation, or nitration of biomolecules, which is emblematic of acute lung injury (ALI) and acute respiratory distress syndrome. However, this is only a general paradigm. The pleiotropic effects of NO are regulated only in part by high vs. low concentrations. It is evident that the cellular source (i.e., compartmentalization) of NO also plays a key role (97, 98, 123) . For example iNOS expressed in polymorphonuclear leukocytes (PMNs) regulates sequestration of these cells in the lung vasculature during cecal ligation and puncture-induced sepsis but limits PMN infiltration into the alveolar space; on the other hand, NO derived from iNOS in lung parenchymal cells plays no role in this process (99) . From a biochemical perspective, how iNOS-derived NO produced in PMNs elicit distinct effects compared with iNOS-derived NO produced in pulmonary endothelial cells is not clear and underscores the importance of compartmentalization with regard to the NO source and the local concentration of NO where produced. An additional consideration is that selective effects of NO may be mediated by distinct redox derivatives and associated products (e.g., nitrosation and nitrated epitopes), which can have distinct biological activities compared with NO per se. The parameters of concentration, localization, and redox conversion are also emerging as critical in the biological actions of H 2 S.
Nonenzymatic sources. More recently, nonenzymatic sources of NO, via reduction of nitrite, have emerged as viable NO production processes in vivo. Widely used as a stable endproduct for assessing NO formation, nitrite is now known to be an integral player in NO homeostasis pathways. Several mechanisms have been identified that operate under physiological and pathophysiological conditions that result in the one-electron reduction of nitrite to NO. Common features of these mechanisms include acceleration of nitrite-reduction as a function of decreasing pH and oxygen tension (30) . Intriguingly, in the lung nitrite can elicit signaling responses at low biological (nM-M) concentrations under normoxia as well. For example, airway epithelial cell repair was stimulated by nitrite via a mechanism that appeared to involve stimulation of oxidative signaling (122) . Figure 1 shows a scheme generalizing NO formation pathways.
NO and Nitrite Therapeutics for Airway and Pulmonary Vascular Diseases
Unfortunately, the absence of a selective nitrite scavenger, or a way to selectively decrease nitrite levels in vivo, precludes definitive assessment of endogenous nitrite in NO homeostasis pathways. However, data from exogenous or therapeutic nitrite clearly demonstrates this possibility. In the lung, inhaled nitrite reversed pulmonary hypertension and was suggested to be more effective compared with inhaled NO. In preclinical models, inhaled nitrite did not lead to rebound hypertension once nitrite inhalation was stopped, which is a frequently observed complication associated with acute termination of inhaled NO gas (42) . Putative mechanisms of nitrite action involve activation of pulmonary vascular smooth muscle soluble guanylate cyclase (sGC) and the canonical NO signaling cascade (10) . Moreover, nitrite therapy also protects against pulmonary and vascular smooth muscle remodeling after injury and improves lung function after transplantation (4, 88, 111, 139) . Additionally, nitrite therapy protects against ALI induced by mechanical ventilation and inhaled chemical toxicants, in the latter of which the risk of developing reactive airways is also reduced (40, 96, 101, 132) . Improvement in both inflammatory and permeability components of ALI has been documented, suggesting that nitrite therapy prevents early events in the disease. Interestingly, inhaled NO, which to date is a primary therapeutic for treatment of pulmonary hypertension in the newborn, has also been shown to prevent ischemia-reperfusion injury in distal extrapulmonary tissues (26, 64, 65, 84, 117) . In this case, the model proposed is that inhaled nitric oxide (iNO) increases the level of circulating nitrite (and perhaps other NO adducts, e.g., S-nitrosothiols) which then stimulate NO signaling in other tissues. In fact, NO repletion by nitrite or iNO has proven successful in multiple preclinical and clinical studies in different settings of acute and chronic inflammatory tissue injury and supports the model that biological pools of NO signaling equivalents exist in the form of nitrite in tissues that can be manipulated therapeutically.
H 2 S Formation: Enzymatic and Nonenzymatic Pathways
Enzymatic sources. For nearly a decade, H 2 S has been discussed as the third biological gasotransmitter along with NO and carbon monoxide (CO) (126) . Three distinct H 2 S-generating enzymes have been identified in mammalian systems (Fig. 2 ). The best-characterized H 2 S-producing enzyme, cystathionine ␤-synthase (CBS), is a pyridoxal-phosphate (PLP)-dependent enzyme that catalyzes the condensation between homocysteine and serine, giving rise to cystathionine. Owing to the similarity of structures, CBS also uses cysteine, instead of serine, to generate H 2 S (47). Another PLP-dependent enzyme, cystathionine ␥-lyase (CSE), catalyzes the conversion of cystathionine to cysteine, but also utilizes homocysteine and cysteine to generate H 2 S (16, 138). Additionally, CSE and CBS are crucial hubs in transsulfuration pathways that pass sulfur between various sulfur containing amino acids (50) . The third pathway comprises two enzymes found within the mitochondrion. Cysteine aminotransferase (CAT) first converts cysteine to 3-mercaptopyruvate, from which H 2 S is released by 3-mercaptopyruvate sulfurtransferase (3-MST). Importantly, this process involves two equivalents of reactive thiols or a reduced thioredoxin, with by-products of a disulfide or an oxidized thioredoxin.
All three enzymes, CBS, CSE, and 3-MST, have been documented to be expressed in the lungs, with possible variations between species and cell types (5, 14a, 83, 94, 124) . The contribution of these enzymes on H 2 S production is affected by their expression levels and the availability of substrates. For example, CSE is ϳ60-fold higher than CBS in the mouse liver and accounts Ͼ97% H 2 S production. In comparison, CBS is the predominant H 2 S-producing enzyme in the brain, where its expression is higher than that of CSE (51) . Although cysteine and homocysteine are the substrates of both CSE and CBS, CSE is the primary source of H 2 S in homocysteinemia, whereas in the kidney, where the cysteine level is ϳ10-fold higher than in the liver or the brain, CBS may predominate. Classically considered as a cytosolic enzyme, CBS is also found to localize in other compartments such as mitochondria (7, 112, 115a) and nuclei (1, 52) . Its nuclear translocation is related to posttranslational modification by small ubiquitin-like modifier, which inhibits its activity (49) . Moreover, CBS activity is regulated by other small molecules, including its activation by S-adenosylmethionine and glutathione (46, 86) and inhibition by NO and CO (28, 49, 115) . Relatively less is known about regulation of CSE and 3-MST. Considered to be the major source of H 2 S in the cardiovascular system, CSE is expressed in both mouse lung endothelial cells and smooth muscle cells, with its effects on lung function poorly explored. 3-MST and CAT are found in most cell types but are less abundant than CBS and CSE. Although they are found in both cytosol and mitochondria (78, 83) , their activity may be greater in mitochondria owing to higher concentrations of cysteine, the substrate for CAT (49) . H 2 S has been proposed to be an endothelium-derived hyperpolarizing factor (EDHF), based on the deficiency of acetylcholine-induced vasorelaxation in CSE knockout mice (82, 125) . However, the proposed mechanism is through K ATP sulfhydration via CSE-derived H 2 S, which does not support a direct role of H 2 S as an EDHF (22) .
Nonenzymatic sources. Similar to NO, alternate pathways for H 2 S formation may exist in the absence of CBS, CSE, or 3-MST. An early study showed that human erythrocytes reduce elemental sulfur to H 2 S, with reducing equivalents provided by glutathione, NADH, and NADPH (102) ), polysulfide (RS n R), and persulfide (RSSH), may also be reduced to free H 2 S by low molecular weight reductants independent of enzymatic pathways (49, 70) . The yield of H 2 S via this mechanism may be relatively low but could serve as storage depots of H 2 S equivalents, since sulfane sulfur can be generated by H 2 S autoxidation (Eq. 2) (70, 73) and by serial oxidation processes in the mitochondria (49) . Figure 2 summarizes the transsulfuration pathway and H 2 S metabolism.
where GR is glutathione reductase.
NO and H 2 S Donors
NO and H 2 S donors are widely used experimental tools and potential therapeutics to model and interrogate biological functions. Donors allow introduction of defined amounts with defined rates of release of test compound. For NO, many different NO donors are commercially available that can expose biological systems to low levels of NO for long periods of time, to high levels of NO for short periods, and variations in between. In addition, NO donors display pH dependence and sensitivity to oxidants and reductants, which influence what NO derivatives are produced, and in the most recent generation also offer organelle targeting for NO release (56) . These aspects of NO donors have been reviewed many times else- and cystathionine ␥-lyase (CSE) govern the flow of sulfur through homocysteine, cystathionine, and cysteine, which is known as the transsulfuration pathway. These two enzymes are also the major catalytic pathways for generating H2S from cysteine and homocysteine in the cytosol. The third pathway via cysteine aminotransferase (CAT) and 3-mercaptopyruvate sulfurtransferase (3-MST) may be more important in the mitochondrion and requires the transfer of sulfur from a persulfide (RSSH). On the other hand, persulfide can be a source of H2S at the expense of reductants such as glutathione (GSH) and thioredoxin [Trx (SH)2]. In the mitochondrion, H2S reduces sulfide quinone oxidoreductase (SQR), generating a persulfide that is further transferred to an acceptor (R-SH). This persulfide is then oxidized by persulfide dioxygenase (ETHE1) to SO3
2Ϫ
, which is eventually converted to S2O3 2Ϫ and SO4 2Ϫ by rhodanase and sulfite oxidase, respectively.
where. Therefore, we will focus our discussion on H 2 S donors, which is a rapidly evolving area.
To better understand the pros and cons of available sulfide donors, it is helpful to review the chemical properties of H 2 S. H 2 S exists in gaseous form at ambient temperature and pressure. At equilibrium between gas and aqueous phases, its solubility at 37°C is 80 mM (50). In aqueous solution, H 2 S dissolves into HS Ϫ and S
, with the pKa of ϳ7 and 12.2-15, respectively, at room temperature (87, 133) (Eq. 3). Accordingly, it is estimated that two-thirds of H 2 S dissolved in water is HS Ϫ , and one third H 2 S, with a negligible amount of S 2Ϫ .
Equation 3 underscores the reversibility between H 2 S, HS Ϫ , and S 2Ϫ . Importantly then in an open system, the equilibrium will be pulled to the left, leading to rapid decreases in solvated H 2 S levels; note that this is also the case with NO. An additional and important consideration is the permeability of H 2 S into lipid bilayers. Although H 2 S freely diffuses through cell membrane (75) , HS Ϫ does not. This may affect the availability of H 2 S in the cytoplasm or other cellular compartments such as mitochondria, although these diffusion limitations may be altered by changes in pH resulting in conversion of HS Ϫ to H 2 S. Therefore, when using sulfide donors, it is important to consider its cellular accessibility vs. its volatility. Currently, available H 2 S donors fall into three categories: sulfide salts, natural compounds, and synthetic compounds.
Sulfide salts. Sulfide salts, such as Na 2 S and NaHS, are the simplest H 2 S-generating compounds and most widely used in experimental studies. The release of H 2 S from Na 2 S and NaHS is instantaneous upon hydration and dissociation in aqueous solution. H 2 S release does not reach steady state, however, owing to volatilization of H 2 S into the gas phase, and thus H 2 S exposure is transient. The half-life of H 2 S in plasma is ϳ20 min in humans and ϳ5 min in mice (8) after a single bolus injection of Na 2 S, whereas the half-life in a cell culture model is also ϳ5 min (89). Apart from volatility, H 2 S is also vulnerable to oxidation. It is recommended that stock solutions be made fresh and sealed in air-tight container with minimal head space and the concentration confirmed by validated methods. Because of these disadvantages, therapeutic potential of sulfide salts are highly limited.
Natural compounds. Garlic consumption has been associated with health benefits for a long time and there are a variety of garlic-based products available and marketed accordingly.
Allicin (diallyl thiosulfinate), the best known active ingredient in garlic extracts, decomposes into diallyl disulfide (DADS) and diallyl trisulfide (DATS) (3). These compounds have at least one disulfide bond and an allyl group whose doublebonded carbon is adjacent to the sulfur-bonded carbon. In the presence of GSH or other reduced thiols, a nucleophilic displacement of the ␣-carbon of this allyl group can generate a hydrodisulfide that is further reduced by GSH to H 2 S (6, 70). The requirement for cellular metabolism and reducing equivalents is an important consideration in assessing how much H 2 S is generated by these compounds and typically allows for slower and more sustained release of H 2 S compared with sulfide salts. Additionally, these natural products are lipophilic, allowing H 2 S formation to occur in all cell compartments. This hydrophobicity, however, is also a limitation since both DADS and DATS are immiscible in water, making delivery of these compounds challenging. Other natural compounds proposed to release H 2 S include isothiocyanates, such as sulforaphane from broccoli and allyl isothiocyanate from wasabi (53) . However, further understanding of their mechanisms of action and role of H 2 S in health-promoting effects is required.
Synthetic compounds. Several efforts have been made to develop synthetic H 2 S donors. GYY4137 is a derivative of Lawesson's reagent that releases H 2 S over several minutes via nucleophilic attack and after its dissociation in solution. GYY4137 is believed to release H 2 S in a prolonged manner, although some studies using amperometry have showed that the release rate was significantly reduced compared with NaHS (69). Characterization of GYY4137-dependent sulfide release in plasma has been reported (67, 69) ; however, the methylene blue method was used to measure H 2 S (89). This method for measuring H 2 S levels is questionable and we have observed that GYY4137 no longer increased free sulfide 30 min after application. Considering that a high dosage of GYY4137 is required for its physiological effects (400 mol/l for a plateau concentration of Ͻ20 mol/l in plasma, measured by methylene blue method), its efficiency of releasing H 2 S may be low and potential side effects of its metabolites at these concentrations should be considered. AP39, a sulfide donor with a mitochondria-targeting moiety, has been shown to increase intracellular H 2 S in these organelles as detected by the H 2 S probe 7-azido-4-methylcoumarin. It was also shown that AP39, at 100 nM, was able to prevent glucose oxidase-induced mitochondrial oxidative stress (113) . Table 1 
H 2 S Therapeutics for Airway and Pulmonary Vascular Diseases
The last few years have seen a significant increase in the number of papers investigating the role of H 2 S in diverse lung diseases. Similar to NO, the perspectives vary, but the majority of studies indicate that endogenous or exogenous H 2 S protect against acute and chronic lung diseases. These include ALI, asthma, pulmonary fibrosis, chronic obstructive pulmonary disease, pulmonary hypertension, and neonatal lung development-associated diseases (27, 68, 74, 94, 100, 109, 120, 136, 137) . However, specific molecular mechanisms for protection remain unclear. Like NO, it is unlikely that there is one unifying or common mechanism of action; that said, antioxidant effects, prevention of inflammatory tissue injury and regulating blood flow, and improvement of gas exchange are common proposed mechanisms. Thus the similarities between NO and H 2 S with respect to lung diseases are clear. It is not our goal to list and discuss all studies reporting on H 2 S and lung disease, but to compare H 2 S and NO and to note that to date there are no approved therapies for treatment of lung diseases with H 2 S-dependent approaches. The lungs are unique in that gas-based therapies offer direct access to the organ of interest, as exemplified by iNO. Interestingly, inhaled H 2 S has also been widely discussed as a therapeutic fueled by early studies demonstrating that this therapeutic modality induces a state of hibernation in small animals (9) . However, it should be pointed out that H 2 S inhalation also causes lung injury in rats at exposure levels that are not considered high (80 ppm) (110) . A key consideration in this context is oxygen. Both NO and H 2 S are oxidized by oxygen (Eqs. 2, 4, 5, and 6) (38, 44, 73, 119) . This becomes more impactful when concentrations of NO, H 2 S, and O 2 are high, as may be the case during inhalation and in hydrophobic cellular compartments. Autoxidation of NO will be exponential with respect to NO concentration (second order reaction with respect to NO) and thus doubling of NO levels will increase NO oxidation rates by fourfold. This not only accelerates NO decay but also increases formation of reactive nitrogen species, e.g., nitrogen dioxide that can elicit unique and cellular responses. Indeed, monitoring and minimizing nitrogen dioxide levels is a component of safety assessment with iNO therapy. Similarly, the effects of H 2 S are also modulated by O 2 . For example, H 2 S-dependent vasodilation of isolated aortic rings is markedly improved at lower vs. higher PO 2 , and induction of hibernation in rats by inhaled H 2 S is also more efficient at lower ambient oxygen tensions (21, 60) . In part this relates to higher concentrations of H 2 S, but also, and like the situation with NO, one cannot exclude the potential for H 2 S oxidation products (e.g., sulfite) to elicit unique effects. Evaluating the role of oxygen and controlling H 2 S autoxidation are likely to be important in further developing H 2 S inhalation therapies, as well as understanding how H 2 S modulates signaling in environments where oxygen concentrations differ.
NO and H 2 S Toxicity
With respect to the above discussion highlighting the interest in NO and H 2 S therapeutics, it is important to remember that these molecules can be toxic at higher doses. With NO gas, administration is typically limited to 80 ppm and usually used at lower doses for pulmonary hypertension in the newborn. Primary toxicity concerns are formation of oxidant nitrogen dioxide and NO-dependent oxidation of oxyhemoglobin to methemoglobin. iNO delivery device design coupled with the low concentrations used clinically leads to minimal formation and exposure of patients to nitrogen dioxide. For example, our studies with liver transplant patients receiving 80 ppm for Ͼ4 h led to nitrogen dioxide concentrations of Ͻ1%. Moreover, methemoglobin levels remained Ͻ3% in these studies, significantly below levels at which oxygen delivery may be affected. On the other hand exposure to H 2 S at levels that led to "suspended animation" led to significant airway inflammation and epithelial injury in rats (110) . In addition, exposure to H 2 S at significantly higher concentrations can occur during accidents (e.g., in geothermal and oil/gas industries) or chemical warfare and can result in injury to the respiratory, neuronal, cardiac, and other tissues (59) . Key in this regard is that H 2 S toxicity is characterized by respiratory depression secondary to neuronal or direct ALI, which in turn likely results in ischemia. Furthermore, inflammation is likely a pivotal component to host responses to an H 2 S insult. Current therapies are limited to decreasing H 2 S concentrations by increasing concentrations of ferric hemoglobin or therapeutic administration of hydroxocobalamin, which binds and removes H 2 S (35). However, in light of new understanding on downstream signaling effects of H 2 S, we propose that a better understanding of H 2 S toxicity both during and postexposure is required, together with development of therapeutics that target downstream effects of H 2 S exposure. Thus we suggest that pulmonary toxicity to iNO under clinically relevant conditions is minimal, but for H 2 S further work is required for both exposure expected in the accidental/industrial setting and during therapeutic exposures.
NO and H 2 S Interactions
It is also worth noting that there is substantial interest in whether NO and H 2 S are interrelated and interregulated. Underscoring this perspective in part is the idea that NO and H 2 S metabolites may react with each other. However, much debate exists about this largely due to potential confounding reactions between NO donors or its products and H 2 S, independent of NO itself. For example, sodium nitroprusside (SNP) and Snitroso-N-acetyl-D,L-penicillamine (SNAP) are used as NO donors (2, 128, 134) . However, SNP can directly react with H 2 S (13, 23). Perhaps of more interest is the potential for H 2 S to react with S-nitrosothiols (RSNOs), although the precise nature of these reactions with both low and high molecular weight RSNOs remains under investigation with multiple mechanisms proposed (18, 25, 58a, 91, 116) . It is also interesting to speculate that multiple mechanisms may offer added layers of control of H 2 S signaling. For example, H 2 S may denitrosate RSNO with production of nitroxyl (HNO) and hydrogen disulfide (HSSH), the latter of which may introduce a persulfide on the reactive thiol (49, 58a) . Since ϪSNO and ϪSSH differ in size and the polarity, this further modification by H 2 S is likely to switch to a different protein conformation and function. One proposed scheme is illustrated in Fig. 3 (18, 25, 80) . Finally, reactions between H 2 S-and NO-derived reactive nitrogen species including peroxynitrite should be considered. As with RSNOs, however, the specific reaction mechanisms are still being elucidated (14, 24) .
NO and H 2 S share many common protein targets for posttranslational modification. The biochemistry and biological functions of NO-dependent posttranslational modifications is widely appreciated, with the most prevalent being S-nitrosation, tyrosine nitration, and lipid nitration. H 2 S-dependent posttranslational modifications is an active area of investigation with mounting evidence suggesting that this is important to how H 2 S elicits diverse biological effects with H 2 S-thiol chemistry underlying this diversity. For example, S-nitrosation on GAPDH at Cys150 inhibits its glycolytic function, whereas H 2 S introduces persulfide (named sulfhydration) on the same cysteine residue that increases enzymatic activity (81) . The p65 subunit of NF-B can be S-nitrosated at Cys38, resulting in the dissociation of p50 and p65 subunits to inhibit its nuclear transcription (54). In comparison, H 2 S modifies Cys38 of p65 and favors its association with ribosomal protein S3, which increases transcription (93) . H 2 S can also interact with protein S-guanylation. 8-Nitro-cGMP, a second messenger of reactive oxygen species and NO, induces S-guanylation. HS Ϫ is shown to denitrate 8-nitro-cGMP and form 9-SH-cGMP. The scavenging of excessive 8-nitro-cGMP by HS Ϫ is protective in myocardial infarction (85) .
In addition, H 2 S can also attack protein disulfide bonds exemplified by the effects of H 2 S on the ATP-sensitive potassium channel (K ATP ). The regulatory sulfonylurea receptor (SUR) governs the K ATP core (Kir 6.x). H 2 S breaks the disulfide bond formed by two extracellular cysteine residues, Cys6 and Cys26, of SUR1 to open Kir 6.1 (48) . Similarly, the Cys1045-Cys1024 disulfide bond of vascular endothelial growth factor receptor 2 (VEGF-R2) acts as a molecular switch, the cleavage of which by H 2 S allows subsequent phosphorylation and activation of this receptor (114) . These selected examples underscore the diversity of potential mechanisms by which H 2 S can regulate protein function and highlight a central role for H 2 S-thiol chemistry. This understanding further underscores the key role for H 2 S in redox signaling paradigms.
NO and H 2 S Measurements
A critical requirement to any insight regarding the role of NO and H 2 S in biology is accurate, reproducible, and sensitive methods to detect these species and their derivatives in biological matrixes, that importantly include protocols that maintain the NO Ϫ or H 2 S derivative in its native state during sample processing. Many articles and reviews have been written about these methods. We will focus our discussion here on overviewing the pros and cons and key considerations for commonly used approaches.
Nitric oxide. A variety of methods have been well established to determine NO and its metabolites in biological samples. However, NO measurement is still challenging, and inappropriate sample collection and preservation may yield artificial results. In the blood, oxygenated ferrous hemoglobin binds to NO and oxidizes it to nitrate, terminating NO bioavailability. Deoxygenated ferrous hemoglobin also scavenges NO by forming a six-coordinate nitrosylheme species. Ferricyanide can effectively oxidize ferrous hemoglobin to methemoglobin, therefore preventing the destruction of NO in whole blood and red blood cell samples (31, 127) . Meanwhile, ferricyanide also protects SNO-Hb from degradation in denaturing environment (31) . Moreover, light exposure should be avoided to prevent homolysis of RSNOs. RSNO degradation is also catalyzed by trace levels of transition metals (e.g., Cu ϩ ) (108, 118) , necessitating the presence of ion chelators [e.g., diethylenetriaminepentaacetic acid (DTPA)] in sample collection and storage media. Additionally, thiol blockade is also required to prevent reduced thiol-dependent reduction of RSNOs but also 3 . Potential mechanisms by which H2S regulates protein thiol posttranslational modifications S-nitrosation is a posttranslation modification. In the illustrated scheme, the formation of S-nitrosothiols (RSNOs) on a reactive thiol converts the protein from a "closed" conformation to an "open" one. RSNOs may serve as a target for H2S, which restores the protein to the closed form, generating thionitrous acid (HSNO) and hydrogen disulfide (HSSH) plus nitroxyl (HNO) in succession. However, HSNO may also mediate transnitrosation or undergo homolysis to NO, H2S, or nitrite (26) . HSSH may further modify the active thiol to a persulfide resulting in a stabilized open or closed conformation, which may vary from case to case.
to prevent artifactual formation of NO-thiol adducts; N-ethylmaleimide is widely used for this indication. Finally, it is important to be aware of what a method is measuring and how to interpret it. For example, nitrate can be measured by multiple methods, yet it does not necessarily reflect NO bioavailability as outlined recently and discussed further next (57) .
Griess reaction. First described in 1879, the Griess reaction is now applied in various methods of NO measurement (20, 29) . Under acidic conditions, nitrite reacts with sulfanilamide and N- (1-naphthyl) ethylenediamine to yield an azo product with characteristic increased absorbance at 540 nm. Both nitrite and nitrate are considered as end-oxidation products of NO and thus reflect total NO formation. However, dietary intake (e.g., green leafy vegetables, beets, and cured meats) contributes a considerable amount of nitrate, while nitrite and nitrate can be excreted in sweat and urine. Therefore, plasma measurements indicate a balance of endogenous NO formation, dietary intake, and clearance. Moreover, since nitrite is readily oxidized to nitrate in blood by hemoglobin, for an accurate assessment of NO formation, nitrate has to be reduced back to nitrite prior to the Griess assay with several reductant systems utilized including cadmium, zinc chloride, vanadium chloride or NADPH-dependent nitrate reductase. Note however, that NADPH inhibits Griess reaction necessitating its oxidation using lactate dehydrogenase or potassium ferricyanide (12, 34, 121) . Similarly, nitroso compounds, such as RSNOs and Nnitrosamines (RNNOs), can be cleaved to yield NO by using UV light illumination or a reductant such as hydrogen bromide, iodide, and vanadium chloride. To distinguish RSNO from RNNO, mercuric chloride can be used to cleave RSNO to form nitrite, but leaving RNNO intact, which is known as the Saville reaction (12) . Sensitivity of the original colorimetric method for the Griess assay was ϳ0.5 M for S-nitrosothiols, which is not low enough for detecting biological levels (33) . However, combining the Griess assay with HPLC, flow injection analysis, and microgas analysis system, the detection range has been improved significantly and now these analyses are routinely applied to measuring biological sample. In addition, these approaches have the added value of being able to simultaneously quantitate nitrite and nitrate from the same sample.
Fluorescence probes. Fluorescence probes not only enhance the sensitivity for NO measurement but also provide the potential for temporal and spatial resolution. As with the Griess assay, most fluorescence probes detect NO metabolites and not NO per se; this is an important consideration in data interpretation. For example, the aromatic diamino compound, 2,3-diaminonaphthalene, reacts with N 2 O 3 , a strong nitrosating agent derived from NO oxidation or nitrite acidification. The reaction results in the formation of a fluorescent product 2,3-naphthotriazole. This method is sensitive (10 nM of the product is detectable) (32) but suffers from limitations associated with an excitation wavelength of 375 nm (UV), which causes autofluorescence in the tissue, as well as poor solubility at neutral pH and potential cytotoxicity of the compound.
Diaminofluoresceins. Diaminofluoresceins (DAFs) are a group of fluorescein derivatives that are more commonly used fluorescence probes for NO, although again this probe does not react with NO directly, but with NO oxidation products such as N 2 O 3 or HNO that induce the formation of a fluorescent triazole ring. No interference was found in the presence of other oxidized forms of NO, including NO 2 Ϫ and NO 3 Ϫ or reactive species including H 2 O 2 and peroxynitrite (61). The detection limit of DAF-2 is ϳ5 nM and can be further improved by using sensitive analytical methods, such as HPLC and capillary electrophoresis (58) . DAF-2 DA diffuses into cells, where it is hydrolyzed by esterases, leading to intracellular entrapment. Thus DAF-2 DA can be used to monitor intracellular NO, although it is important to verify equal loading of the dye between experimental groups. DAF-2 DA at a higher concentration may be toxic in some cell types (36) . pH can be a potential interference, since the protonation of the phenolic group of DAFs abolishes their fluorescence. Their stability at certain pH is based on their individual pKa. DAF-1, DAF-2, and DAF-3 are stable when pH is above 7, whereas DAF-4, DAF-5, and DAF-6 can be only used when pH is above 9 (32). Tissue autofluorescence also limits its application. Though technically allowing real-time detection of NO, the requirement for NO autoxidation necessitates additional discussion. The reaction between NO and oxygen is second order with respect to NO, thus limiting this reaction to areas in which local NO concentrations are high (e.g., hydrophobic compartments). In addition, the results will be dictated by where the dye compartmentalizes. This is also limited by the hydrophobicity of the dye. Moreover, different properties between the parent dye and product may result in redistribution after reaction with NO/O 2 . These considerations are important therefore when interpreting data since where the product is detected may not reflect precisely where NO was generated. Equally important is to ensure that sample collecting and processing do not alter distribution of NO metabolites and lead to artificial formation of them. Key factors here are light, presence of contaminating transition metal ions, and pH. The first two can promote decay of S-nitrosothiols to nitrite. Acidic conditions will favor the reverse and form S-nitrosothiols from nitrite. Since endogenous RSNOs are in the nanomolar range, and nitrite is typically present in the high nanomolar range, even a small artifact in acidified nitrite-dependent RSNO formation can lead to significant error in the latter's measurement. These issues are now widely appreciated in the NO field and use of metal chelating agents, blocking all reduced thiols immediately upon sample collection, avoiding low pH and excessive light exposure routine.
Chemiluminescence. The reaction between NO and ozone produces an excited state for NO, followed by a spontaneous emission of light. In ozone-based chemiluminescent NO analyzing systems, an inert gas such as nitrogen or helium is used to carry NO to the ozone reaction cell and light emission measured. Although this method fails to provide temporal or spatial insight to NO metabolism, and requires reduction of NO derivatives (e.g., nitrite, S-nitrosothiols to NO), this detection approach does allow for direct NO measurement (39) . Other existing compounds such as ethylene hydrocarbons and sulfur compounds may be excited at the same time, but they do not interfere with the measurement owing to distinct wavelength differences (77) . Another substantial advantage of this method is its sensitivity (nM-pM) and flexibility (up to mM range).
Electron paramagnetic resonance. This method allows for direct detection of free radical species including NO (37) . However, the low levels of NO produced combined with a relatively poor sensitivity compared with other NO detection methods has limited the use of electron paramagnetic reso-nance (EPR) for NO detection in biological matrixes. Typically, EPR-based approaches employ the trapping of a radial species with a spin trap that forms a new and longer lived paramagnetic species. With NO, this is achieved by utilizing specific reaction of NO with iron centers. For example, NO bound to ferrous heme proteins utilizes not only the rapid and high affinity reactions between NO and deoxyferrous heme, but also the corresponding nitrosyl hemoprotein has a distinct EPR spectrum that can be detected with sensitivities of ϳ200 -300 nM. Key examples are hemoglobin and myoglobin, their presence in vivo offering a further advantage for NO measurement without requiring the exogenous addition of a spin trap. Other spin traps for NO detection include nitronyl nitroxides and iron-dithiocarbamate complexes, which collectively provide a range of compounds with distinct biophysical and cellular properties (e.g., solubility, subcellular compartmentalization) that could be useful for NO detection (37) . A final advantage of EPR methods over others discussed herein is the ability to distinguish between 14 N and 15 N, and thus allowing selective use of isotopes to discern mechanisms of NO formation especially when there maybe more than one source of NO (enzymatic vs. nonenzymatic for example).
Electrochemical methods. Most electrochemical NO sensors are based on the oxidation of NO to nitrite. Interference from nitrite, or other redox active species such as ascorbic acid, is avoided first by the use of selective gas-permeable membranes that prevent access of these species with the electrochemical cell. Second, electrocatalytic material, such as platinum, can be immobilized on the probe to reduce the potential required for NO oxidation. Platinization of the working probe also increases the surface area for NO oxidation, further increasing sensitivity with detection of 1 nM NO possible (66) . Other approaches used include porphyrinic-based electrodes that couple NO binding to electrical current generation. More importantly, electrochemical NO sensors are able to provide spatial (at the cell level) and temporal resolution; however, frequent calibration is necessary for the measurement. Also, since the measurement is affected by the proximity of NO to the electrode, an equilibrium time is necessary during the measurement.
Biotin switch assay. The chemiluminescence and electrochemical approaches measure NO concentrations but do not provide details on PTMs per se nor inform on the proteins on which these PTMs reside. A significant advancement was made with the development of the biotin switch assay that allows identification of protein S-nitrosothiols using a combination of thiol-blocking, RSNO-reducing strategies: immunoblotting with LC-MS-based protein identification (45) . Several method-focused texts about the pros and cons of the biotin switch assay have been compiled and thus not discussed in this review (19, 55) . We would like to underscore, however, how this approach can be used, in combination with quantitative approaches outlined above, to determine the position of an RSNO on a protein, and the amount of this modification. This is exemplified by recent studies showing that S-nitrosation of a specific cysteine in the ND3 subunit of Complex 1 in the electron transport chain confers resistance to cardiac ischemiareperfusion injury (17) .
Hydrogen sulfide. H 2 S is volatile and is subject to autooxidation at atmospheric oxygen tensions. As discussed above, the pKa of H 2 S is ϳ7. Therefore, air-tight containers and sampling protocols that ensure H 2 S gas is not lost because of venting are key. In addition, basic buffers (i.e., pH of 9.5) should be used to prevent the liberation of H 2 S gas. Since oxidation of H 2 S can be catalyzed by transition metals, DTPA is also recommended in preserving and reaction buffers. We have also found it important to use degased buffers and perform H 2 S reaction measurements in tightly controlled atmosphere conditions to prevent oxidation. In this way, we are able to preserve Ͼ90% H 2 S in the sample (106) . Importantly, N-ethylmaleimide, which is often used to block thiols in NO measurement protocols, may interfere with H 2 S detection (106) .
Methylene blue. The methylene blue method was initially employed to detect sulfide contaminant in water. This method is based on the reaction between HS Ϫ and N,N-dimethyl-pphenylenediamine generating methylene blue, which can be measured by its absorbance at 670 nm. In earlier studies of H 2 S in physiology and pathology, the methylene blue method was used to measure H 2 S in biological samples without careful validation. However, this method is no longer appropriate for H 2 S measurement in biological samples for several reasons including 1) the reaction occurs under acidic conditions in which biological pools of sulfide may be altered (e.g., acid labile sulfide); 2) methylene blue forms dimers and trimers that interfere with the absorbance of monomer at 670, therefore violating Beer's law; and 3) colored substances in the sample may interfere with methylene blue absorbance, thus leading to artificial readings. Therefore, methylene blue should not be used for sulfide measurement in biological samples.
Monobromobimane. Monobromobimane (MBB) is an alkylating reagent that is widely used for thiol labeling (62) . It reacts with H 2 S in alkaline conditions to yield the sulfide dibimane product (106) . After reaction of excessive MBB and sulfide, the resultant fluorescent sulfide dibimane is measured by analytical approaches, such as HPLC and LC-MS/MS. Use of MBB in the evaluation of H 2 S in biological samples was first developed by Fahey and Togawa et al. and has been extensively explored by our group and others (83a, 95, 104, 106, 107, 117a, 130) . This method presents several advantages over existing methods for H 2 S detection. Since the reaction occurs at alkaline condition (e.g., pH 9.5), H 2 S is not liberated from the acid-labile pool. By using HPLC, linear detection of sulfide-dibimane from 5 nM to 200 nM for small sample injection volumes of 10 l is possible. In biological samples, MBB/HPLC also proves to be more sensitive and specific than the methylene blue method on the measurement of both endogenous and exogenous H 2 S (106). LC-MS/MS based measurement improves the assay's sensitivity and selectivity, allowing for detection of H 2 S at low concentrations present in cell culture studies (105) . Moreover, results from our MS/MS show high consistency with HPLC with use of the same biological samples, indicating the validity of the MBB/HPLC method at physiological H 2 S levels. Perhaps most significant is the fact that, by using a careful sample workflow employing an acidic releasing buffer (pH 2.6) and a reductant, Tris(2-carboxyethyl)phosphine hydrochloride step, the acid-labile pool (e.g., iron-sulfur clusters) and the reductant-labile sulfur pool (e.g., sulfane sulfurs) can be released into the gas phase, allowing for measurement of distinct biochemical pools of H 2 S (107). We have previously reported the concentrations of free H 2 S, the acidlabile and the reductant-labile sulfur pools in mouse tissues (104) . Total sulfide, which is the summation of all three pools, is highest in the aorta (6.11 nmol/mg protein) and lowest in the liver (1.64 nmol/mg protein). However, free sulfide is lowest in the lungs (0.108 nmol/mg protein) but highest in the kidneys (0.914 nmol/mg protein). Interestingly, the ratios of acid-labile sulfur and reductant-labile sulfur to free H 2 S are lowest in the kidneys (0.550 and 0.603 nmol/mg protein). In the adipose tissue where free H 2 S is as low as 0.146 nmol/mg protein, acid-labile sulfur and reductant-labile sulfur are 16.6-and 18.6-fold higher over free H 2 S. These findings highlight the complexity of dynamics between distinct biochemical pools of sulfide and possible roles of acid-labile and reductant-labile sulfur pools as biological H 2 S reservoirs. Recently, Ida and colleagues (43) identified persulfides (e.g., GSSH, CysSSH) and polysulfides (e.g., GSSSH, GSSSG) formed in mouse tissues using MBB and LC-MS/MS. The concentrations of these sulfane sulfurs were presented as micromolar. According to their supporting information, 100 mg mouse tissues were homogenized in 0.5 ml MBB solution. Therefore, we calculated (as shown in Table 2 ) the levels of reductant-labile sulfur, which were reported (persulfides and RS n R where n Ͼ 2) to be lower than what we observed. This is likely due to the fact that our chemical work flow for reductant labile sulfide also includes measurement of thiosulfate levels that were not measured using LC-MS methods in the report by Ida et al. However, similar GSSH levels were reported by Lu and colleagues (72) using MBB and LC-MS/MS. Together, comparison of these three studies suggests the existence of other reductantlabile sulfur in the tissue, such as protein persulfide/polysulfide and thiosulfate, could be biologically relevant forms of sulfide (43, 90) .
Electrochemistry. Similar to NO, H 2 S can be measured on the basis of its redox properties. The sulfide-specific ionselective electrodes (ISEs) are well documented but used mostly in nonbiological samples. ISEs require an alkaline environment (pH Ͼ 11) that favors the accumulation of sulfide ion (S 2Ϫ ). In biological samples, however, this could lead to artificially high readings due to hydroxyl replacement of the cysteine sulfur (89) . Alternatively, Kraus and colleagues (21, 60) developed a polarographic electrode with a H 2 S-permeable membrane, which allows the diffusion of H 2 S from biological samples at pH 7, into the electrode (pH 10). The polarographic electrode has the advantage of high sensitivity (10 -20 nM H 2 S gas) and the capacity of real-time measurement (129) . It may be possible to measurement different sulfide pools by altering sample pH. However, it is sensitive to temperature and pressure and requires frequent calibration.
Fluorescent/chemiluminescent probes. Sulfide-specific fluorescent/chemiluminescent probes are a fast-developing tool in H 2 S research that generally provide the potential for real-time and subcellular measurements. These probes are usually designed according to the reducing and nucleophilic properties of sulfide (76). Current probes provide moderate to good specificity to sulfide compared with other biological thiols. To highlight a few, hydrosulfide naphthalimide-2 (HSN 2 ) has an azido group that can be reduced by H 2 S into a fluorogenic amine (79) . The fluorescence of HSN 2 is increased 60-fold by 100 equivalents of H 2 S. Its specificity to H 2 S is maintained with the presence of 2,000 equivalents of GSH and cysteine. However, the activation of HSN 2 takes 45 min and real-time measurement is not possible. Interestingly, Chen and Ai (15) reported a genetically coded azide in GFP, which they used to image endogenous H 2 S production in HEK 293T cells. This theoretically allows sulfide probing at target proteins. Guo and coworkers (71) also developed a ratiometric fluorescent probe, based on nucleophilic addition of H 2 S to the probe, that is membrane permeable and has little cytotoxicity, therefore allowing real-time H 2 S probing in living cells. Although azidebased fluorescent probes usually provide excellent selectivity for H 2 S over other thiols, excitation with higher power or extended exposure photoactivate these probes. To meet this challenge, Pluth, Bailey, and colleagues (96a) developed a chemiluminescent probe, CLSS-2, to minimize noise due to photoactivation. It is worth noting that most probes were tested in different conditions (sample concentration, buffer pH, oxygen pressure, etc.), which may alter biological sulfide pools. Selectivity and sensitivity of these probes need to be further investigated under physiological conditions and specific cell culture conditions.
Tag-switch technique. Mounting evidence indicates that H 2 S elicits its biological effects by forming protein persulfides, termed sulfhydration or persulfidation (63, 81, 82, 103) . However, because of similar reactivities of persulfides and thiols, it is challenging to identify protein persulfides specifically. The modified biotin switch assay developed by Snyder and colleagues (81) uses methyl methanethiosulfonate (MMTS) to mask free thiols but not persulfide, followed by pyridyldithiolbiotin compound labeling of persulfide. However, it is unknown how MMTS spares persulfide specifically. Actually, it has been shown that MMTS may also react with small molecular thiols such as GSH (92) . Another method uses iodoacetic acid to label both persulfides and free thiols, after which persulfide adducts are reduced by dithiothreitol (DTT) (63) . But the selectivity of DTT reduction also remains unclear. Recently, a thiol blocker, methylsulfonyl benzothiazole (MSBT), developed by Xian and colleagues (135) was applied in a tag-switch assay. MSBT reacts with protein persulfide and yields a highly activated disulfide, which distinguishes it from free thiol adducts and native protein disulfides, so that certain nucleophiles, such as cyanoacetate-biotin, can specifically label persulfides. Additionally, the MSBT based tag-switch technique also showed potential to provide spatial resolution in cell culture (135). 
Conclusion
As a gasotransmitter, NO plays fundamental role in vascular function and redox biology. For decades, our understanding of NO biology has evolved through empirical medications, identification of sGC as a receptor that transduces NO signaling in various pathways, bioavailable metabolites, effects on protein posttranslational modifications, and novel therapeutic approaches. Although many refined tools have been developed to study NO biology as discussed in this review, not all of them are readily available in each and every laboratory. More importantly, careless choice of tools or misinterpretation of the data often leads to convoluted and false conclusions, especially when various commercial user-friendly kits are employed inappropriately. By comparison, the field of H 2 S biology is considerably further behind. Our knowledge on H 2 S chemistry and biology is confusing and contradictory on several aspects. The field is still trying to resolve basic questions such as how are H 2 S-producing enzymes regulated, what are physiological concentrations of H 2 S, and how does H 2 S elicit its various biological functions, all of which are limited by available tools and reagents for study. Although it is dangerous to ignore flaws in models and methods, especially when identified, it is also unwise to be frightened by difficulty. Without a doubt, the future NO and H 2 S research will yield interesting and important new discoveries in the years to come. Hopefully this review provides a good introduction to investigators new to the field of NO and H 2 S that will help them deftly approach study of these molecules in the biological systems.
